The spectrally resolved rime-evolution of free and trapped singlet c&tons was ohtsincd II liquid-helium temperature for ternary cestals of perdeuteronaphthalene/naphrhalene/betamsth\-Inaphthalrms 
Introduction
The characteristics of transport in disordered systems is a problem of current interest [l-S] . The transport or migration of optical excitations offers some simplifying features both theoretically, e.g. no long-range Coulomb interactions, and experimentally, e.g. the utilization of powerful laser excitation and detection techniques with high temporal, spatial and energy resolution. Recently there has been a significant increase in the number of theoretical papers on the transfer of excitation in disordered molecular aggregates [6-221. We do not consider here the interesting problem of transfer from one donor to a set of randomly distributed acceptors [23, 24] , but only the case of donor-donor transfer and migration where the donors are randomly distributed and where the occurrence of donor-acceptor transfer is a rare (though im-portant) event. Experimentally we produced a systern that has random substitutional disorder but positional and orientational order at the same time. Morcover. for most practical purposes our samples were perfect single crystals of high physical and chemical quality.
Much of the recent interest in exciton-transport problems has been associated with the phenomena of crirical concemrarions [3.5.19 ] (characterizing significant enhancement of migration). To explain these --transitions" of transport. Anderson localization [6.27]. percolation [25_26_2S] . and other models [7.S] have been suggested. involving different physical pictures of the esciton transport. Here we describe experiments that are only marginally related to the question of the Anderson transition However, these studies are of much relevance to the topics of exciron diffusion (dispersive [S] or percolative [29.30] ). exciton coherence and exciton-phonon coupling. Furthermore. a quantitative kinetic model is suS!gested where the controlling factor is a form of "heterogeneous" diffusion (percolation). which may have some wider applica-030 1-O 104/83/0000-0000/$03.00 8 North-Holland tions, such as for migration in photosynthetic systems [31] . We have recently described in detail [32, 33] a model based on a Monte Carlo method that attacks the problem of energy transport utilizing simulations on large molecular lattices in the computer memory. This model is quite versatile and enables one to go beyond the common analytical versions of random walks [34] . With this model we can treat practically any dimensionality and any combination of interactions for any number of components at any given concentration. In addition, our model includes directional correlation and memory of the motion. The parameter we often measure is the extent of energy transfer given by the number of molecular sites that have carried energy at one time or another during the "experiment". This number, divided by the number of "steps", gives the efficiency, l . We reported [35, 36 ] the efficiency as a function of time for various parameters and over a range of several exciton lifetimes.
We used the above model, in conjunction with a series of steady-state experiments [33] (paper I of this series) on the naphthalene system (C ,,H ,/C ,,,D,/ betamethylnaphthalene-d,,, guest/host/supertrap), to study some details of excitor& energy transfer. This pointed towards the existence of some "coherence" at liquid-helium temperatures for this system. In the present study, a continuation of the previous work, we investigated the time-dependence of the system. We developed a kinetic scheme starting from the differential equations for the concentrations of excited states in our system. The rate coefficients in these equations (which are time-dependent) were related to the above-mentioned efficiency of transport model in a formalism discussed in section 3 of this paper. These equations were solved numerically in section 4 for the excitation populations with only one adjustable parameter, the coherence length I, and the various solutions were compared to our experimental results. Dur conclusions are given in section 5, and pertain to exciton localization and the partial coherence of the energy transport in substitutionally disordered and pure crystals at low temperatures.
Experimental
Most experimental details were described in paper I (of this series [33] ). At very narrow-band excitation (of the order of 1 cm-'), the output of a nitrogen laser pumped dye laser (Molectron DL 400) was used as the exciting light source, frequency doubled. Since the laser light is tunable, any component or energy level can be selectively excited, even impurity molecules or the BMN (betamethylnaphthalene-d,,) molecules. A typical excitation frequency was 32000 cm-', which is well above the naphthalene "O-O" energy level of the first excited singlet state 'hU_ We occasionally varied this frequency down to = 31280 cm-'. For a Cs = 0.50 concentration crystal the bottom of the exciton band is = 31450 cm-'. We could thus directly establish the bottom of the band, and we found it to be in good agreement with the values obtained by other methods [37, 38] . The intensity of the exciting light was also varied by several factors of two to observe any effects on the emitted signal. This was done quantitatively using a polarizer, by changing the angle of polarization. The results are given in section 4.
The spectra were taken at 1.8 and 4.2 K using the same fluorescence bands as described earlier: the "0-512" for C,,H, and the "O-O" for BMN. BMN is a monomer due to its low concentration, and has a relatively high intensity. When the BMN contribution to the total intensity was low its time-evolution spectrum was very noisy or sometimes non-recordable. This was because at high C,,Hs concentrations, even though the transfer is very efficient, the BMN concentration is very small. The small concentration is because that BMN comes as a "natural" (perdeuterated) impurity in the C,cDs host [33] . In all cases the C,,Hs intensity was strong enough for the time-resolved spectra to be recorded.
Kinetic formalism
We assume that all excitation is generated on the guest lattice sites. Experimentally, the excitation initially localized on the host will decay rapidly to the guest, and since the concentration of BMN is much lower than that of naphthalene. we can neglect any direct excitation of BMN. The BMN fluorescence is proportional to [BMN] , the number of excited BMN molecules. Also, the number of excited guest molecules is [N] , and is assumed to be small compared to the BMN and N concentrations (however, see below). We neglect collisions between excitons and saturation of the BMN species. The energy transfer can then be thought of as the migration of these guest singlet excitons. and their spread throughout the lattice, followed either by direct monomolecular decay or by trapping by the BMN (and decay from there). Thus, we arrive at the following kinetic equations that describe the rate of change of the N and BIMN esciton concentrations [ 1,391:
Here k, and k, are the experimental (monomolecular) decay rates for isolated naphthalene and BMN, respectively, and include radiative and non-radiative processes, but no intermolecular energy transfer. The time-dependent coefficient k( r ) describes the energy transfer rate at time t. k(t) is also related to the probability that a BMN supertrap molecule will have trapped a naphthalene exciton at time t. The solutions of these equations can then be related to the time resolved spectra. In these equations, k, and k, are independent and well-known quantities, and k(t) is the only system-dependent quantity_
The above kinetic scheme was previously postulated for binary systems [l] . We propose a new quantitative approach for both binary and ternary systems. For ternary systems we present a new model based on the percolation approach. In particular, this involves the definition of the time-dependent rate coefficient, k(t).
It has been shown [40] that the total probability for trapping by BMN is given as
Here Pm is the percolation probability [do], C, is the supertrap concentration (mole fraction), and Y is its trapping efficiency. Introducing the quantity r (e = S,,/n, where S,, is the number of sites visited in an rl-step walk) one gets
Using CI = C;y)~/r, where r is the time, we finally obtain
The change of probability per unit time is then d P/d t and is equal to dP/dt = P,e-""a(c + rdr/dr).
This quantity is proportional to X-(r) and it can be shown (see appendix A) that the "proportionality constant" is equal to I/( 1 -P)_ Therefore we have
We emphasize that c is a function of C,. I. 1. and the topology. For Cs 2 0.70. for the square lattice topology_ P, = 1.0 and eq. (7) becomes x-(t) = n(c + rdc/dr).
This form is rigorously true for a binary system. We saw above that X-(I) depends on the quantity E. and also depends (via a) on y and Ci. Both -1 and C, are properties of the system at hand. so Eve are now in a position to calculate k(r). The differential equations now become
(101
We seek solutions to these coupled equations_ It has been shown [35] that c follows an approsimately exponential decay. We therefore fit the simulation results of E to an exponential equation to get the best fit (or alternatively_ we fit log c to a linear equation)_ Thus
This process predicts k(z) rather satisfactorily a. b, and time. Here II and b are constants which depend on the efficiency E, the supertrap concentration C,. and the ratio n/r. which is the number of steps per unit time (but not the absolute number of steps), but they (a and 6) do not depend on time or the coherence 1. Similarly X-(r) depends on CI and b via eq. (7). and it is also a function of time. P, is a static property of a given lattice, but has no dependence upon any energytransfer mechanism (it depends only on the interaction topology and the guest concentrations). Thus the only quantities reflecting the dynamical nature of the system are z and the time (1). Notice that the information about the coherence length 1 is incorporated in c. This is so because L depends on S,, and S, is a strong function of I. It was found [35, 36 ] that large 1 values increase S,, at the high Cs range, but decrease S, at C, close to the critical percolation concentration. We can use simple numerical solutions for E, which are now available in the literature [35, 41] . These numerical results for l can be checked against other work (using the generating function method or the elliptic integral method) only for the pure crystal limit, and we found them to be in satisfactory agreement [59, 60] . We thus solved the kinetic equations in terms of simple parameters that we know how to calculate.
Results
We now proceed to derive the detailed solutions as discussed in the previous section. using the proper experimental boundary conditions. We first assume an instantaneous creation of the naphthalene excitons. so that. after normalizing.
(N] = 1.00 at time I = 0. This assumption is good if we consider that it probably takes only a few picoseconds for the excitation to be localized on some naphthalene guest site (compared to the esperimental resolution of a few nanoseconds results for binary crystals appeared [44] . We tried 2 number of tests on this system. such as reducing the intensity of the incoming light by a factor of two. several times. We observed some differences o\-er the course of several runs. but the laser intcnsitv.
focusing on the crystal, clearness of the crystal. etc.. were not constant in day-to-day operations_ aud therefore we were not able to quantitatively determine any effects from these runs. Further tests on the same crystals [45] . using neutral density filters. showed no significant effect. For our kinetic scheme equations we used the data \vhere further cutting down on the intensity produced no visible changes in the relative spectral intensities. hoping that at this point we had reduced all exciton-exciton inrcractions to a minimum. Speculating on our observations. we occasionall_v noticed that at high light intensities the guest/ trap emission ratio decreased-indicating that the C,,Hs esciton concentration decreased_ The probable cause is esciton-esciton fusion. The fusion effect was probably significant only at high C, (0.99). where the BMN concentration was the lowest. thus enhancing the fusion/ trapping ratio. The collision rate constant for this process should be an interesting topic of study [46] .
Our experimental data have a considerable uncertainty. It is not surprising that small variations in the supertrap concentration (even within ths same crystal) could cause a doubling in the component lifetime [defined here as the time necessary for the intensity IO drop down to l/e of its peak value). For example. a change by a factor of 10 in C, (from lo-' to 10eJ) causes a change of 0.60 in the probability for trapping (from 0.39 to 0.99). see fig. 2 of ref. [41]. However. the decay times for crystals from C% = 0.70 to CS = 0.99 range from = 12 to 40 ns. which is a factor of 4. Also. the calculated quantities show a similar variation. For example. for the C, = OX0 crystal. for CS = 1 x 10S4 the calculated decay times are 27, 16, and 45 ns, while for C, = 1 x lo-' they are 100, 85, and 120 ns, a factor of 5 (for coherence lengths I = 1, 10 and 100, respectively). We used the average of all our decay measurements for each crystal. For the calculations we used the proper "average" supertrap concentration (see paper I). Below the critical percolation concentration the decay times get longer, approaching the natural lifetime of naphthalene. This happens because in this region we have mostly isolated naphthalene clusters of small size, with a low probability of containing any BMN sites. Therefore, rhe C,,Hs excitons never get trapped, but instead "live" within these small clusters throughout their natural lifetime. The decay times in this region vary from 60 ns to = 120 ns. The lifetime of neat naphthalene is = 120 ns. A summary of all lifetimes is given in table 1. Similar results for this region of Cs, with higher C,, were obtained by Parson and Kopelman
t291.
TKe experimental time decays of fig. 3 are more complex than simple exponentials, as we can easily see when we plot the logarithmic spectra. This situation is different from the work of Parson and Kopehnan [29] , where they observed exponential behavior in the guest lifetimes throughout the concentration.range. The reason for this is that their transport is very fast, due to the presence of l-2 orders of magnitude more supertrap BMN. Their actual nanosecond-domain kinetics is governed by eqs. (1) and (2) in the limit of k(r) --, constant, with k(r)+ 0 for the lowest (0.42) guest con- centration (following k(t) + co in the picosecond domain, see appendix A). In our case it is not surprising to find different results due to the lower concentration of BMN which makes the nanosecond-domain transport dependent on larger values of k(t) for longer times.
The experimental spectra were all recorded at 1.8 and 4.2 K. We did not observe any consistent trend between the two temperatures, such as we observed in the steady-state spectra [33] . A typical difference is shown in fig. 2 , where we plotted the spectra for both temperatures for the 0.70 mole fraction guest concentration crystal. We, therefore, averaged the integrated results of the two temperatures *. The effects of coherent versus incoherent walks can be seen in the three calculated curves plotted in fig. 3 , where I= 1. 10. and 100. Each one predicts a different time evolution behavior. owing to the difference in the S,, values.
The most obvious conclusion from these curves is that at high Cg. where the I= 1 curve shows a considerably slower decay than the I= 10 and I = 100 curves. the experimental curve is close to the I= 10 and I = 100 curves, i.e. it shows a comparatively fast decay. At intermediate Cp, about Cg = 0.70, the I = 1 curve shifts and exhibits the fastest decay. while the coherent cases (I = 10 and I = 100) show a slower decay, but still in agreement with the experiment.
In order to get a quantitative measure of the appropriateness of this picture we integrated the areas under the decay curves and compared the integrals. Table 2 The integrals up to 25 ns are of little interest_ because the time curves up to this point reflect to a significant extent the laser signal. so no differentiation can be made. We thus concentrated on the 50 and 100 ns cases.
Notice that in all of the above we assumed that y = 1. The [N] solution, eq. (17). is rewritten as
We see that [N] increases exponentially with u.
Remembering that a = t&/t, any uncertainty we have in y, n/r. or C, would carry exponentially to (N]. We saw that [47-491 y is less than 1.00, ranging from = 0.1 to 0.5 within a factor of 2 or 3_ The problem of establishing the exact C, value was discussed previously. and using an "average" value. we may also be off the actual value by a factor of 2 or 3. Finally. n/r, the number of steps per unit time. was derived from an uncertainty-type relation [49] and this may also be off by a factor of 2 or 3.
To circumvent the above difficulties we made an adjustment to the calculated values in relation to the experimental results. At the crossover concentration region (C, = 0.80) all types of walks (i.e. different 1 values) show about the same behavior. i.e. the same e. However. the experimental intensities do not agree with the calculated ones. The difference may be due to a combination of the three factors with significant uncertainties. These are II/I. y. and C%. which all combine to form a = nyC:/r.
We therefore find an udjrmed a. call it CI'. which when used in the differential equations produces a calculated value in agreement with the experiment for one given concentration value C, = OSO. Since we use the same a' for all guest concentrations.
we preserve the relative magnitudes of the time-integrated intensities. The solutions to the differential equations plotted in fig. 4 include the adjusted factor a'. as a function of C; for I = 1. 10 and 100. The results are shown in table 4. for intsgratsd intensities to 50 and 100 ns. for naphthalene. and in table 5 for BMN. Now a meaningful comparison with the experiment can be made. We plot the results of tables 4 and 5 in figs. 4 and 5. i.e. the total integrated intensities as a function of Cs_ for different coherence values_ From these plots we conclude that the I = 1 curve shows the biggest deviation from experiment_ while as I increases the curves get closer to the experiment. Here. I= 100 gives the best fit. Notice that we tsstsd the adjusting factor a' over the total region of the "crossovei concentration (i.e. from guest concentration of = 0.75 to 0.90). and we cnmc up with practically the same results as in fig. 3 . Finally. it should be pointed out that the values obtained from the adjustsd factor are always within a factor of 2 of the unadjusted \Ynues.
The shape of the integrated intensity CUTVS (fig_ 4) shows a minimum around 0.90. The mason for this is a bit complex. We notice (table 1 of ref. [33] ) that the actual BMN concentration is not constant in all crystals. hut steadily decreasrs. For 1.m sites, a factor of 6. It seems that these two opposing factors combined produce the resulting shape of fig. 4 . The above results are in good agreement with the results of the steady-state experiments we presented earlier [32, 33] . The possible existence of coherence or "correlated walk" was first indicated there, and it is verified here in the following sense: The I = 1 case presents the worst fit with the experiment, especially at high Cs and close to the critical dynamic percolation concentration.
Because of all the uncertainties we do not report the value I = 100 as the nominal solution to the problem. We merely state that partial coherence ("correlated walk") does describe our experiments in a consistent fashion.
Discussion and conclusions
We first performed "standard" steady-state fluorescence experiments [32, 33] on the naphthalene system, and later the time-resolved tests described here. These are in reasonably good agreement with each other in the following way: (1) Based on the tinre-iprtegruted intensities of the time-resolved data one gets results similar to those of the steady-state measurements [49] . (2) Neither result can be interpreted by simple incoherent hopping expressed via a simple random walk model (note that our "adjustable parameter" u' cannot account for the guest concentration dependence).
Using a "coherence" (correlation) parameter I one can account for the observed concentration dependence of both steady-state and time-evolution experiments in a consistent way. We suggest that our correlation ("coherence") parameter does relate to partial coherence in terms of quantummechanical wave packets: however, this relationship is far from clear. This is our evidence for the possible existence of partial coherence. Our timeresolved spectra gave a good fit for "coherence" over = 100 lattice units. Our typical computer lattice size is 1000 X 1000 sites (for the two-dimensional case). On these lattices we performed tests for up to 1= 250. We noticed that for mixed crystals with guest concentrations up to = 0.95 any computer simulation with 1) 100 gives the same result as with I= 100. because the heavy scattering by the host does not permit any differentiation between long and very long mean free paths. Therefore. our data would be the same had we used an I = 1000 or greater (with a correspondingly larger lattice)_ This simply means that at C, < 0.95 coherence is necessarily broken by the host scattering. Moreover, in the region Cs < 0.70 the shallow guest traps. due to finite clusters. may cause additional scattering. Only for the neat (pure) crystal limit. or when closely approaching it, could higher I values be tested in principle, but in this project we would not afford it. either computationally or experimentally.
It is very difficult to prepare a crystal with no impurities or defects, in order to simulate the pure-crystal case. and test for larger coherence lengths. Therefore, our results do not preclude having I >> 100 rvIre!r esrrarolared IO a perfect larrice. We. therefore. conclude that we have tentatively established the existence of "coherence". at these temperatures. and mention that a value of = 100 lattice units is in good agreement with our experiments. This means that. extrapolated to the perfect pure naphthalene crystal. we get 1% 100 for the temperature range studied (1.8-4.2 K).
A comparison with the absorption lineshapes of the pure naphthalene crystals in terms of exciton-phonon scattering was made in paper I of this series [33] . It is obvious from our mixed-crystal energy-transport data that the hosr scattering overshadows the exciton-phonon scattering in crystais with = 0.95 guest concentration and below. This is qualitatively consistent with the significant broadening of the optical absorption lines at this and lower concentrations [56.57] . It is not clear to us yet how to make quantitative comparisons between the two kinds of data.
We have definitely established that no simple homogeneous kinetics model agrees with our data. Our exponential decay curves (for naphthalene) deviate so significantly from exponentiality that no model based on "rate constants" or non-dispersive diffusion can account for this. These deviations in our ternary crystals are much more drastic than usually observed for binary (lightly doped) crystals [ 1.441. We note that there is still scepticism in the field concerning results from lightly doped crystals [58] , due to possible complications from the supertrapping effects (e.g. the creation of large funnels [l&l] ).
We do not expect such complications to affect our measured guest concentration effects (see also ref. [47] ) nor our large observed deviations from exponentiality. Whether dispersive diffusion models could account for our data remains to be seen. However. we do believe that for guest concentrations around 0.5 none of the above models will account for the very low temperature data. Here finite cluster states with energy mismatches equal or greater than kT should dominate the kinetics. Because of the near confinement of guest excitons to finite guest clusters one should approach the interesting limit of two disjoint QED. We note that for the limit t --, co, P(r + co) -+ P, < 1, (dJ'/df),,, -0, and thus A-( z -co) --, 0. The N-decay thus becomes truly exponential, with the "natural" decay rate k,. Concomitantly the trapped exciton decay will also be exponential, with rate constant k,. We call this "the two-population limit" as there is no communication between the two and no coupling between the respective differential equations.
